Calorie restriction (CR) extends life span in many different organisms, including mammals. We describe here a novel pathway that extends the life span of Saccharomyces cerevisiae mother cells but does not involve a reduction in caloric content of the media, i.e., there is growth of yeast cells in the presence of a high concentration of external osmolytes. Like CR, this longevity-promoting response to high osmolarity requires SIR2, suggesting a common mechanism of life span regulation. Genetic and microarray analysis indicates that high osmolarity extends the life span by activating Hog1p, leading to an increase in the biosynthesis of glycerol from glycolytic intermediates. This metabolic shift likely increases NAD levels, thereby activating Sir2p and promoting longevity.
Environmental factors, such as the availability of nutrients, can have a dramatic effect on life span (e.g., see references 16, 22, 25, 30, and 37) . Calorie restriction (CR) extends life span in many organisms, including rodents (29, 44) , the nematode Caenorhabditis elegans (22) , and mother cells of the budding yeast Saccharomyces cerevisiae (26) . In yeast, decreasing the glucose concentration of the growth medium extends the life span up to 35% (26) . This extension results from activation of the silencing factor Sir2p, a central determinant of yeast life span (26, 27) .
Sir2p is targeted to the silent mating type (HM) loci (19, 36) , telomeres (13) , and the ribosomal DNA (rDNA) (7, 41) , where its NAD-dependent histone deacetylase activity (18, 23, 42) triggers transcriptional silencing. Mutations in SIR2 not only abolish silencing at these loci but also increase homologous recombination in the rDNA (12) , thereby generating extrachromosomal rDNA circles that shorten life span (40) . Sir2p limits the life span in wild-type yeast, because even one extra copy of the gene provides greater longevity to mother cells (21) . Further, extra copies of the Sir2p homolog, Sir-2.1, extend the life span in C. elegans (43) , demonstrating a conserved role of this protein as a longevity determinant.
How does SIR2 regulate life span in response to CR? It was suggested that NAD serves as a regulatory effector allowing Sir2p to sense the metabolic rate of cells (14) . In support of this model, CR fails to extend life span when the levels of NAD are reduced 60% (42) by mutating the NAD biosynthetic enzyme Npt1p (26) . The increase in NAD elicited by CR may result from a metabolic shift from fermentation to respiration (27) . Calorically restricted cells show an increase in respiration and, indeed, life span extension by CR requires the integrity of the electron transport chain. Moreover, increasing the transcription of genes involved in respiration by overexpressing the transcription factor Hap4p is sufficient to extend life span. This metabolic shift toward respiration also activates silencing by Sir2p. It is likely that the NAD/NADH ratio is increased under these conditions by the slowing of glycolysis, which converts NAD into NADH, and by the activation of electron transport, which converts NADH into NAD.
Yeast cells respond to environmental factors other than nutrients, such as high external osmolarity (HEO). To balance a high concentration of external osmolytes, cells synthesize glycerol and trehalose internally (reviewed in reference 6). This high osmolarity glycerol (HOG) response pathway (reviewed in reference 31) is mediated by Hog1p, which is rapidly phosphorylated upon osmotic shock, translocates from the cytosol to the nucleus (28) , and activates osmolarity-responsive genes (2) . Activation of this set of genes results in a stress response, changes in carbon metabolism, and increased synthesis of glycerol and trehalose (Fig. 1) . The increase in glycerol synthesis is accomplished by the transcriptional activation of GPD1 and HOR2, encoding glycerol-3-phosphate dehydrogenase and glycerol phosphate phosphatase, respectively (1, 24, 32) . These enzymes catalyze the conversion of dihydroxyacetone phosphate (DHAP), ADP, and NADH to glycerol, thereby generating NAD and ATP. Trehalose is synthesized directly from glucose-6-phosphate by the activity of the trehalose synthase complex in response to osmotic stress. Hog1p-dependent stress response genes include MSN2 and MSN4, several heat shock proteins, and cytosolic catalase (34) .
We present here evidence that external osmolytes extend the replicative life span by activating the HOG pathway and glycerol synthesis in particular. The requirement of SIR2 and NAD for life span extension by HEO suggests a striking mechanistic parallel to CR.
MATERIALS AND METHODS
Strains, plasmids, and media. The strains used in this study are listed in Table  1 . All strains were derived from S. cerevisiae strain PSY316 (described in reference 33). The cdc25-10, msn2 msn4, npt1, and sir2 fob1 strains were previously described (26) . All other gene disruptions were generated by targeted PCR disruption. Marker genes were amplified from the appropriate pRS integrating vector (39) using primers designed to incorporate 40 nucleotides of homology to genomic DNA at each end of the disruption cassette. In each case, the entire coding region of the disrupted gene and up to 100 nucleotides of flanking sequence were removed. All disruptants were verified by PCR prior to subsequent analysis. Plasmid pPP35 (provided by P. Park) contains the ADH1 promoter ligated into the URA3 integrating vector pRS306. Plasmid pADH_GPD1 was constructed by PCR amplifying the GPD1 gene from PSY316 and placing it under control of the ADH1 promoter in pPP35. Genetic crosses, sporulation, and tetrad analysis were carried out as described previously (38) .
Unless otherwise noted, cells were cultured in YPD or synthetic medium prepared using conventional methods (15) Life span analysis. Micromanipulation and life span analysis were performed as previously described (20) . Data shown represent the results of a single experiment. Statistical significance for life spans was determined by a Wilcoxon rank sum test. Average life span is stated to be statistically different if P Ͻ 0.05. Spot assays. Spot assays for sensitivity to HEO were performed as described previously (20) , except that cells were spotted onto high-osmolarity media.
Microarray analysis. Microarray analysis was performed as described previously (27) . For the 20% glucose time course, cells were grown in YPD overnight and diluted 100-fold into fresh YPD. Cells were incubated at 30°C for 4 to 5 h, at which time an equal volume of prewarmed yeast extract-peptone supplemented with 38% glucose was added (to yield a final glucose concentration of 20%). Cells were incubated in this medium for 30 min, 1 h, 2 h, or 4 h. All cultures had an optical density at 600 nm of 0.5 to 0.8 after incubation in YPDGLU. Cells were then spun down and washed with a 20% glucose solution prior to freezing in dry ice-ethanol and storage at Ϫ80°C. For the wild-type (no osmotic stress) control, the same procedure was followed as for time course samples, except that an equal volume of YPD was added instead of yeast extract peptone supplemented with 38% glucose and the cells were washed with water rather than 20% glucose. Slides were scanned using a Packard BioScience 3000 scanner. Images were processed using the MolecularWare DigitalGENOME software package (Cambridge, Mass.). Cluster analysis was performed using Cluster and visualized with TreeView (11) . Gene functions listed in the online supplemental 
RESULTS
Local minimum for life span is 2% glucose. To determine mother-cell life span across the full range of glucose concentrations, we first measured the life span of cells grown in the presence of decreasing concentrations of glucose. A reduction in the level of glucose from the usual 2% glucose to 0.5% resulted in an increase in mean and maximum life span ( Fig.  2A and B) . Growth in the presence of 0.1% glucose resulted in a slightly longer life span. Further reduction in glucose concentrations began to shorten life span; however, even when cells were grown under extreme CR in 0.01% glucose, life span was still nearly equal to that on 2% glucose.
We also examined the effect of increasing glucose concentrations on life span. Surprisingly, we observed a dose-dependent increase in life span with higher glucose levels ( Fig. 2A  and C) . In medium supplemented with either 10% glucose or 20% glucose (YPDGLU), mean life span is extended relative to that with 2% glucose. At high concentrations of glucose, the initial growth rate is reduced slightly. However, this effect is no longer noticeable after 5 to 6 generations (not shown).
High concentrations of nonmetabolizable sugars increase life span. Life span extension following growth on YPDGLU could be caused by a specific response to elevated glucose levels or could be the result of a more general cellular response to HEO. To differentiate between these two possibilities, we examined the effect of high levels of D-sorbitol or D-xylitol on life span. Unlike glucose, neither of these acyclic polyols ( on either YPDS or YPDX resulted in a significant increase in both mean and maximum life span ( Fig. 3B ), though not to the same level as growth on YPDGLU. This may be due to a glucose-specific longevity-promoting effect or to a negative effect caused by high levels of sorbitol or xylitol. In any case, the majority of the life span extension is not specific to glucose but results from increased osmolarity of the growth media. To generalize our findings with six-carbon sugars, we examined whether a high concentration of the three-carbon sugar D-glycerol is also able to extend life span. Cells grown on YPD supplemented with 1 M glycerol had a life span extended relative to wild type and approaching that of cells grown on either YPDS or YPDX (Fig. 3C) .
The HOG pathway is necessary for increased life span. The transcriptional response to HEO is mediated by signaling through the HOG pathway. A key component of this response is the Hog1p kinase. Thus, if HEO results in increased life span, then increased Hog1p activity might also extend life span and reduced activity might decrease life span. However, constitutively active alleles of Hog1p result in growth defects in the absence of osmotic stress (5), complicating the interpretation of life span data from strains carrying such alleles. We therefore examined the effect of deleting HOG1 on life span. Deletion of HOG1 resulted in a significant decrease in life span on YPD (Fig. 4A) , suggesting a role for Hog1p even in the absence of osmotic stress. As expected, cells lacking Hog1p were unable to grow on YPDS, YPDX, or YPDGLU (Fig. 4C) . However, hog1 cells were viable in the presence of high concentrations of extracellular glycerol, likely due to their ability to import glycerol into the cell, balancing the HEO (2) . Growth in the presence of 1 M glycerol failed to suppress the short life span caused by loss of Hog1p (Fig. 4A) , even though it extended the wild-type life span (Fig. 3C) . Thus, Hog1p appears to be required for life span extension by HEO.
The transcription factors Msn2p and Msn4p function downstream of Hog1p to activate stress response genes (34) . In order to determine whether HEO promotes long life span simply by increasing resistance to environmental stress, we deleted both MSN2 and MSN4 and analyzed the life span in high-glucose media. The msn2 msn4 cells had a life span indistinguishable from that of wild-type cells on YPD, YPDGLU (Fig. 4B ), and YPDS (not shown), demonstrating that these genes are not required for life span extension by HEO. This result suggests that, as is the case for CR (26) , the increased life span observed in response to HEO is not due to a general increase in stress resistance. HEO and CR are in the same genetic pathway. Several experiments were designed to determine the relationship between the effects of CR and osmotic stress on life span. Com- bining two treatments that extend life span, HEO with low glucose (1 M sorbitol and 0.5% glucose), failed to result in a synergistic increase in life span (Fig. 5A) . CR in yeast can also be modeled by decreased protein kinase A activity. For example, mutation of the RAS GDP/GTP exchange factor Cdc25p decreases protein kinase A signaling and results in an increased life span. To test the link between osmotic signaling and CR, we measured the life span of the long-lived cdc25-10 strain in the presence of HEO. Growth of the cdc25-10 mutant on YPDS also failed to result in a synergistic increase in life span (Fig. 5B) . These results are consistent with the hypothesis that HEO and CR regulate longevity by a similar mechanism. Life span extension by CR requires Sir2p (26) . Therefore, if CR and HEO promote longevity by a common mechanism, life span extension by HEO should also require Sir2p. In agreement with this idea, growth on YPDGLU failed to extend the short life span of a sir2 mutant and also failed to extend the life span in the longer-lived sir2 fob1 strain (Fig. 5C ). Growth on YPDS also failed to extend the life span of a sir2 mutant (not shown). The ability of Sir2p to promote longevity requires its NADdependent histone deacetylase activity (4, 18) . Mutation of the NAD biosynthetic enzyme Npt1p prevents Sir2p-dependent life span extension by CR (26) and overexpression of Npt1p is sufficient to increase life span (3). This phenotype has been interpreted to suggest that CR might extend life span by increasing the amount of NAD available as a substrate for Sir2p. Like CR, growth on YPDGLU also fails to extend the life span of a strain lacking Npt1p (Fig. 5D) . Taken together, all of these experiments strongly suggest that HEO and CR both extend life span by a common, SIR2-dependent mechanism.
The transcriptional response to high glucose suggests a metabolic shift away from glycolysis. To understand the changes in metabolism upon exposure to high levels of glucose, we examined the transcriptional profiles of cells exposed to 20% glucose for various lengths of time. Transient exposure to FIG. 5 . High osmolarity, CR, and Sir2p are in the same pathway for regulation of life span. (A) Life spans were determined for PSY316AR in 2% glucose (ࡗ), PSY316AR in 0.5% glucose (s), PSY316AR in 2% glucose plus 1 M sorbitol (OE), and PSY316AR in 0.5% glucose plus 1 M sorbitol (x). Mean life spans (numbers of cells analyzed) were as follows: PSY316AR 2% glucose, 22.0 generations (n ϭ 40); PSY316AR 0.5% glucose, 27.8 generations (n ϭ 40); PSY316AR 2% glucose plus 1 M sorbitol, 28.7 generations (n ϭ 40); and PSY316AR 0.5% glucose plus 1 M sorbitol, 26.2 generations (n ϭ 40). (B) Life spans were determined for PSY316AR in 2% glucose (ࡗ), the cdc25-10 mutant in 2% glucose (s), PSY316AR in 2% glucose plus 1 M sorbitol (OE), and the cdc25-10 mutant in 2% glucose plus 1 M sorbitol (x). Mean life spans (numbers of cells analyzed) were as follows: PSY316AR 2% glucose, 23.5 generations (n ϭ 37); cdc25-10 2% glucose, 29.2 generations (n ϭ 39); PSY316AR 2% glucose plus 1 M sorbitol, 28.9 generations (n ϭ 37); and cdc25-10 2% glucose plus 1 M sorbitol, 30.6 generations (n ϭ 39). (C) Life spans were determined for PSY316AR in 2% glucose (ࡗ), the sir2 hmr mutant in 2% glucose (s), the sir2 fob1 mutant in 2% glucose (OE), PSY316AR in 20% glucose (x), the sir2 hmr mutant in 20% glucose ‫,)ء(‬ and the sir2 fob1 mutant in 20% glucose (F). Mean life spans (numbers of cells analyzed) were as follows: PSY316AR 2% glucose, 24.2 generations (n ϭ 40); sir2 hmr 2% glucose, 11.8 generations (n ϭ 40); sir2 fob1 2% glucose, 22.5 generations (n ϭ 40); PSY316AR 20% glucose, 33.5 generations (n ϭ 40) sir2 hmr 20% glucose, 11.8 generations (n ϭ 40); and sir2 fob1 20% glucose, 21.0 generations (n ϭ 40). In this experiment, HMLa was deleted from sir2 strains to prevent a and ␣ coexpression, which has been demonstrated to shorten life span in haploid cells (21) . (D) Life spans were determined for PSY316AR in 2% glucose (ࡗ), PSY316AR in 20% glucose (s), the npt1 mutant in 2% glucose (OE), and the npt1 mutant in 20% glucose (x). Mean life spans (numbers of cells analyzed) were as follows: PSY316AR 2% glucose, 22.1 generations (n ϭ 50); PSY316AR 20% glucose, 31.0 generations (n ϭ 50); npt1 2% glucose, 19.9 generations (n ϭ 50); and npt1 20% glucose, 21.5 generations (n ϭ 50).
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high glucose resulted in a rapid transcriptional response (http: //web.mit.edu/biology/guarente/arrays/kaeberlein.html) similar to that in published reports on exposure to sorbitol or sodium chloride (8, 35) . In particular, the glycerol and trehalose biosynthetic genes GPD1, HOR2, and TPS1-3 are all upregulated by high levels of glucose (http://web.mit.edu/biology/guarente /arrays/kaeberlein.html), sorbitol, or sodium chloride (8, 35) . The maximal change in mRNA levels for most osmo-responsive genes occurred between 30 and 60 min after exposure to 20% glucose (Fig. 6A) . After 4 h of induction, the osmotic response decreased in magnitude. However, many osmo-responsive genes, including GPD1 and HOR2, failed to return to uninduced levels even after 24 h of growth in YPDGLU (M. Kaeberlein and A. A. Andalis, unpublished observations). Thus, a persistent transcriptional response to HEO is demonstrated, which is consistent with the observed life span extension.
The observed increase in mRNA for glycerol and trehalose biosynthetic enzymes upon exposure to 20% glucose (Fig. 6B) should lead to increased production of glycerol and trehalose, one of the primary responses to HEO. Glycerol biosynthesis requires the following two enzymes: glycerol-3-phosphate de- hydrogenase (Gpd1p) and glycerol-3-phosphate phosphatase (Hor2p). Together, these enzymes catalyze the conversion of DHAP to glycerol-3-phosphate, with concurrent production of NAD and ATP from NADH and ADP (Fig. 1) . This metabolic shift could have two potentially life span-extending effects. First, carbon flow will be shunted away from glycolysis, similar to the proposed effect of CR. Second, the cytosolic ratio of NAD to NADH will be shifted towards a greater NAD concentration, resulting in increased activity of Sir2p. Transcriptional regulation of glycerol, but not trehalose, biosynthetic genes is required for life span extension by HEO.
To test whether glycerol production is required for increased longevity, we uncoupled GPD1 expression from the HOG pathway by placing it under control of the ADH1 promoter. ADH1 is not transcriptionally regulated by HEO (Fig. 6B) . Deletion of GPD1 resulted in a shortened life span even in the absence of osmotic stress (Fig. 7A) , suggesting that this pathway contributes to cell survival under normal conditions. The gpd1 strain had an even shorter life span when grown on 20% glucose compared with 2% glucose, a likely consequence of its inability to synthesize glycerol in response to the HEO. Importantly, cells that have a deletion of the chromosomal copy of FIG. 7 . Life span extension by high osmolarity requires increased expression of enzymes involved in biosynthesis of glycerol but not trehalose. (A) Life spans were determined for PSY316AR in 2% glucose (ࡗ), PSY316AR in 20% glucose (s), the gpd1 mutant in 2% glucose (OE), and the gpd1 mutant in 20% glucose (x). Mean life spans (numbers of cells analyzed) were as follows: PSY316AR 2% glucose, 22.7 generations (n ϭ 40); PSY316AR 20% glucose, 28.4 generations (n ϭ 38); gpd1 2% glucose, 15.9 generations (n ϭ 40); and gpd1 20% glucose, 7.9 generations (n ϭ 40). (B) Life spans were determined for PSY316AR in 2% glucose (ࡗ), PSY316AR in 20% glucose (s), the gpd1 pADH_GPD1 mutant in 2% glucose (OE), and the gpd1 pADH_GPD1 mutant in 20% glucose (x). Mean life spans (numbers of cells analyzed) were as follows: PSY316AR 2% glucose, 22.7 generations (n ϭ 40); PSY316AR 20% glucose, 28.4 generations (n ϭ 38); gpd1 pADH_GPD1 2% glucose, 22.1 generations (n ϭ 40); and gpd1 pADH_GPD1 20% glucose, 21.9 generations (n ϭ 40). (C) Life spans were determined for PSY316AR in 2% glucose (ࡗ), the tps2 mutant in 2% glucose (s), PSY316AR in 20% glucose (OE), and the tps2 mutant in 20% glucose (x). Mean life spans (numbers of cells analyzed) were as follows: PSY316AR 2% glucose, 20.4 generations (n ϭ 37); tps2 2% glucose, 20.7 generations (n ϭ 38); PSY316AR 20% glucose, 27.6 generations (n ϭ 40); and tps2 20% glucose, 27.3 generations (n ϭ 40). (D) Life spans were determined for PSY316AR in 2% glucose (ࡗ), the cyt1 mutant in 2% glucose (s), PSY316AR in 20% glucose (OE), and the cyt1 mutant in 20% glucose (x). Mean life spans (numbers of cells analyzed) were as follows: PSY316AR 2% glucose, 22.3 generations (n ϭ 40); cyt1 2% glucose, 23.4 generations (n ϭ 40); PSY316AR 20% glucose, 29.2 generations (n ϭ 40); and cyt1 20% glucose, 31.2 generations (n ϭ 40).
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GPD1 but that carry GPD1 under control of the ADH1 promoter (pADH_GPD1) were restored to a normal life span on 2% glucose (Fig. 7B ). Based on raw intensity microarray data, we estimate that transcription from the ADH1 promoter is only 1.2-fold to 1.5-fold higher than transcription from the GPD1 promoter under normal osmotic conditions. Cells for which GPD1 expression is under control of the ADH1 promoter failed to show an increase in life span in response to HEO. This finding indicates that increased transcription of GPD1 is necessary for life span extension by osmotic stress.
To test whether trehalose production is also required for increased longevity, we deleted TPS2, which substantially reduces production of trehalose (10, 17) . The life span of the tps2 strain was indistinguishable from that of the wild-type strain in 2% glucose and displayed an extension like the wild-type strain in YPDGLU (Fig. 7C) . These findings suggest that increased trehalose production is not required for the extension of life span by HEO.
Life span extension by HEO does not require respiration. Life span extension by CR requires a shift in central metabolism from fermentation to respiration (27) . Deletion of the gene coding for cytochrome c 1 , CYT1, prevents respiration and also prevents life span extension by CR. It is likely that HEO also causes a metabolic shift by shunting carbon away from glycolysis, in this case towards glycerol. However, respiration should not be required for life span extension by HEO, since NAD is generated by glycerol biosynthesis rather than by electron transport. We therefore deleted CYT1 and examined the life span when grown on YPD and YPDGLU. The cyt1 mutant cells exhibited the same long life span as wild-type cells on YPDGLU (Fig. 7D) , demonstrating that HEO can be genetically distinguished from CR.
DISCUSSION
We showed previously that reduction of the glucose concentration in media from 2% to 0.5% extended the replicative life span of yeast mother cells. This finding is consistent with the many earlier observations that CR extends life span in animals. Here we report the surprising finding that increasing the glucose concentration also extends life span. This effect appears to be due to an increase in the osmolarity of the media, because provision of high concentrations of nonmetabolizable osmolytes also increases life span. This relationship between changes in osmolarity and life span has not been reported in any other organism to our knowledge.
How does HEO cause an extension in yeast life span? We propose that activation of the osmotic response in yeast results in a corresponding activation of Sir2p, thus resulting in increased longevity. Sir2 proteins are important determinants of longevity in both yeast and C. elegans (21, 43) . Sir2p functions as an NAD-dependent histone deacetylase and it has been proposed that physiological perturbations that alter life span work by changing NAD levels in cells (14) .
We have previously shown that Sir2p can be activated by the shift from fermentation to respiration caused by CR (27) and that this hyperactivation is likely to be the result of an increase in NAD available for Sir2p to use as a substrate. Consistent with our hypothesis, we find that life span extension by HEO requires both Sir2p and Npt1p. Furthermore, growth of cells on either YPDGLU or YPDS results in increased Sir2p-dependent telomere and rDNA silencing, as measured by reporter genes present at those loci (not shown).
One potential mechanism by which HEO could increase cytoplasmic and nuclear NAD levels is through the biosynthesis of glycerol. The glycerol synthetic pathway converts one molecule of NADH to NAD per molecule of glycerol synthesized and diverts carbon away from glycolysis and fermentation. In support of this model, we find that the glycerol biosynthetic genes GPD1 and HOR2 are transcriptionally upregulated in response to growth on YPDGLU.
Transcriptional upregulation of these genes in response to HEO is known to be dependent on activation of the Hog1p MAP kinase, and we show that life span extension by HEO also requires Hog1p. Furthermore, we demonstrate that increased transcription of Gpd1p is absolutely required for life span extension by HEO. The observation that mutation of either HOG1 or GPD1 shortens life span on YPD suggests that glycerol metabolism might be an important pathway for regulating cytoplasmic NAD levels and longevity even under normal osmotic growth conditions.
The most direct way to prove that nuclear and/or cytoplasmic NAD levels are increased in response to HEO would be to measure the amount of NAD in these compartments after exposure of cells to HEO. However, current technology does not allow us to perform this experiment, and previous attempts to detect changes in total cellular NAD in response to life span-extending treatments such as CR (S. Lin and L. Guarente, unpublished observations) or overexpression of Npt1p (3) have been unsuccessful. This has been interpreted to suggest that increased flux through the NAD salvage pathway, rather than an increase in total cellular NAD, is sufficient for Sir2-dependent life span extension (3). Our results cannot distinguish between these two possibilities.
It is of interest that the effect of HEO parallels the life span extension by CR in several different ways. First, both interventions require Sir2p and normal NAD biosynthesis. Second, both are predicted to slow glycolysis: HEO because of the diversion of carbon to glycerol and CR because of the shift of carbon toward the tricarboxylic acid cycle and respiration. Finally, whereas both interventions activate stress response pathways, this stress response is not required for increased longevity. However, our analysis has uncovered one striking difference between the life span extension by HEO and that by CR. Electron transport is required for increased longevity under CR, most likely because the delivery of electrons from NADH to the electron transport chain increases the NAD/ NADH ratio. In contrast, electron transport is not required for life span extension by HEO. This observation can be explained by the fact that NAD is generated by the conversion of DHAP to glycerol under the condition of osmotic stress, which does not require respiration.
The absence of a synergistic effect on life span when CR is combined with HEO is consistent with a common genetic pathway. An alternative possibility is that CR and HEO both achieve a strain maximum life span beyond which no further extension is possible. However, we have identified a genetic manipulation that results in up to a 90% increase in the mean life span of strain PSY316 (manuscript in preparation), demonstrating that this is not the case. We explain the absence of 8064 KAEBERLEIN ET AL. MOL. CELL. BIOL. synergy by a model in which both treatments extend life span by activating Sir2p (Fig. 8) . For CR this is accomplished by a metabolic shift from fermentation to respiration. Under conditions of osmotic stress, a shift from glycolysis toward glycerol biosynthesis is responsible. We describe here an environmental intervention, i.e., high osmolarity, which extends life span in yeast mother cells and resembles CR in some, but not all, respects. Our findings may suggest new experimental strategies to manipulate life span and identify protein targets that are amenable to pharmacological intervention to extend the life of a cell. FIG. 8 . CR and high osmolarity both extend life span by activation of Sir2p through altered NAD metabolism. A model in which both CR and osmotic stress promote long life span by activating Sir2p is shown. In both cases, activation of Sir2p is mediated through an increase in the NAD available for Sir2p to use as a substrate for histone deacetylation. Under conditions of CR, this is accomplished by a metabolic shift from fermentation to respiration (24) . Growth in the presence of high osmolarity could increase cytoplasmic NAD by upregulation of glycerol biosynthesis.
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